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Preconditioning
Ischemic preconditioning (IPC) is an experimental phenomenon in which a brief period of ischemia confers robust neuroprotection against subsequent ischemic events [1] [2] [3] . It is important to note that preconditioning does not reduce the incidence of stroke, but rather ameliorates the pathophysiologic response to cerebral ischemia and results in a smaller infarct volume and improved poststroke recovery [4] [5] [6] . Clinical studies suggest that patients with stroke who suffered a recent prior transient ischemic attack have better outcomes than those who did not, implying that a human correlate to experimental IPC exists [7, 8] . Elucidating the mechanisms of IPC is considered a critical challenge in stroke research [9, 10] . Recent literature has implicated innate immune pathways, including Toll-like receptors (TLRs) [11, 12] and type 1 interferon (IFN) signaling [5, 11, 13] in IPC-mediated protection.
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The online version of the original article can be found at https://doi.org/ 10.1007/s13311-016-0465-z IPC induces a reprogramming of the transcriptional response to stroke, which results in a neuroprotective phenotype, rather than the destructive inflammatory phenotype observed after stroke alone [4, 6, 14] . After stroke alone, genes that coordinate immune and stress responses are upregulated in the brain, but after preconditioning and preconditioning followed by stroke, genes in metabolism and transport/ synaptic transmission are downregulated [14] . The response to preconditioning is one of reduced cellular activity, and is highly similar to changes in gene expression seen in hibernating animals [14, 15] . Furthermore, the gene expression observed after preconditioning plus stroke is substantially different from that observed after stroke alone [6] . Within this review we will discuss this phenomenon of preconditioning, with a particular focus on preconditioning against stroke and cellular mediators of this phenomenon.
Preconditioning has three phases: a priming phase that establishes protection, a refractive phase during which the system is resistant to ischemic injury, and a neuroprotective phase that is characterized by an altered response to stroke that reduces injury [9] . The refractive phase is of short duration, lasting 1 to 7 days, depending on the preconditioning treatment [3, 4, 6, 9] . The three phases, and their molecular effectors and characteristics, have been reviewed elsewhere in detail [9] , and are summarized in Table 1 . Within this review, we will focus on the most important molecular mediators of preconditioning, as well as cellular mediators of preconditioning effects.
Cross-Tolerance
IPC primes the brain against subsequent ischemic injury. This concept of preconditioning has correlates in other forms of injury, such as a brief epileptic seizure preconditioning the brain against a subsequent longer seizure that may be injurious, or even against other ischemic events. Interestingly, one form of preconditioning may protect the brain against other types of injuries [1, 2] . One example of this is lipopolysaccharide (LPS)-induced cross-tolerance, whereby challenging the immune system with the bacterial cell membrane component LPS (or endotoxin) preconditions the brain against stroke [5, 6 ]. This appears to be owing, in large part, to the importance of TLR4 in response to LPS or ischemia [4-6, 12, 29] . However, while there is overlap in the genetic response to LPS or IPC, there is a substantial subset of genes unique to each preconditioning stimulus [6] . The LPS preconditioning response largely focuses on modulating inflammatory processes [6] , while IPC results in both metabolic changes to protect against injury from low oxygen [26] , and also modulates the neuroimmune response through mechanisms such as TLRs and IFN signaling pathways [5, 9, 29] . The shared modulation of neuroimmune components appears to be responsible for the overlap in neuroprotection offered against ischemia by multiple preconditioning stimuli. [19, 20] , microglia [20] , peripheral immune cells [19] [20] [21] HIF-1 Regulates metabolic genes to protect against hypoxia Multiple CNS cells [17, 22] , peripheral immune cells [23] Type TLRs Reprograms cellular genomic response to ischemia Circulating leukocytes [16] , endothelial cells [16] , microglia [17, 18] TGF-β Promotes repair of neurovascular unit, regulates immune system function Astrocytes [20, 27] , microglia [27] , T cells [28] TLR = Toll-like receptor; TNF = tumor necrosis factor; NFkB = nuclear factor kB; CNS = central nervous system; HIF = hypoxia-inducible factor; IFN = interferon; IRF = IFN regulatory factor; TGF = transforming growth factor
Remote Preconditioning
There are multiple strategies for inducing preconditioning effects in the central nervous system (CNS) as a protective mechanism for patients at risk of stroke. Inducing a controlled short ischemic event in the clinic poses a number of risks, so many studies have been geared at less invasive methods of inducing preconditioning. These include the administration of therapeutics, such as cytokines or TLR agonists which play a role in preconditioning, or the concept of remote IPC (RIPC), which uses remote limb ischemia to induce neuroprotection equivalent to direct preconditioning of the brain using models of focal ischemia [4, 30, 31] . The relative ease of administration, low cost, and potential wide generalizability of RIPC make the concept a particularly attractive clinical strategy for select populations of patients that are at high risk for cerebral ischemic events in the immediate (hours to days) future. This would include patients that are about to undergo major cardiac [32, 33] or carotid artery [34] surgery, as well as possibly patients with subarachnoid hemorrhage that are at high risk of developing cerebral vasospasm and accompanying delayed cerebral ischemia [35, 36] . The pioneering papers in the RIPC field suggest that neuroprotection is induced rapidly [30, 31, 37] ; however, the duration of protection has not been determined [37, 38] . Molecular determinants behind the phenomenon of RIPC have not been fully elucidated, but there is some evidence of overlap with molecular mediators of ischemic and LPS preconditioning, including hypoxia-inducible factor (HIF)-1α [39] , and inflammatory factors [40] [41] [42] [43] . Remote limb ischemia may induce global expression of these molecular mediators of preconditioning that confers protection to multiple organ systems, including the brain. Some studies of remote limb ischemia have demonstrated reduced inflammation in multiple organs after preconditioning [42, 43] , which suggests that ischemic protection via modulation of immune responses may extend to the entire body and not just be localized to a single organ or region of the body. Recent clinical trials on the efficacy of RIPC found no significant difference in composite endpoints in patients treated with RIPC and those which received sham RIPC treatment prior to cardiac surgery [32, 33] . These trials were large, randomized, controlled, double-blinded, highly powered studies with carefully selected patient cohorts from multiple treatment centers. However, the chosen endpoint parameters evaluated in each were patient mortality, myocardial infarction, stroke, and acute renal failure. These negative results are not particularly surprising because, based on our current understanding of preconditioning, we would not anticipate that IPC would have an effect on the outcome parameters measured. There is no evidence that IPC prevents stroke occurrence or reduces incidence of other thromboembolic events. One could, however, reasonably anticipate protective effects of RIPC on neurological outcomes and infarct volume [4] [5] [6] . These more difficult to assess outcome parameters have not yet been reported in the recent large trials. Thus, although these studies were rigorous in their controls and design, the chosen endpoint parameters did not reflect the biology and neurological effects of IPC, and the clinical efficacy of RIPC is undetermined with regard to these parameters.
Molecular Mediators of Preconditioning
Preconditioning involves neuroimmune signaling. Several lines of evidence implicate innate immune signaling in IPCmediated neuroprotection. Pre-exposure to LPS, a primary ligand for TLR4 and a potent immune cell activator, induces a form of neuroprotection called cross-tolerance that is similar to IPC [44] . IPC-mediated neuroprotection is itself attenuated in TLR4
-/-mice [11, 12] , and agonists of multiple other TLRs also induce cross-tolerance [45] [46] [47] . Genomic studies on preconditioned cortical tissue have identified robust expression of IFN-stimulated genes (ISGs) [5, 13] -a well-defined innate immune response activated by type 1 IFNs such as IFN-α and IFN-β. Both IPC and TLR agonist-induced cross-tolerance are attenuated in mice with deficiencies in IFN signaling [13] . We provide evidence here that IPC results in marked changes in the innate immune cell population in cortex ( Fig. 1) , even in the absence of infarction. We have also recently found and confirmed robust ISG expression in ex vivo flow cytometrically sorted microglia from preconditioned cortex (A. McDonough and J.R Weinstein, unpublished observations). Furthermore, we have demonstrated in a novel white matter model of IPC, that neuroprotection is abolished by genetic knockdown of type 1 IFN receptor (IFNAR1) specifically in microglia [11] . These findings have provided strong evidence to support a key role for innate immune signaling and microglia in preconditioning-mediated neuroprotection. The molecular pathways in IPC have been recently reviewed extensively [10] . Here we will focus selectively only on some of the most important and well-defined molecular mediators of preconditioning. Type 1 IFNs are key cytokines in the innate immune system, including 13 IFN-α subtypes, as well as IFN-β, and signal through the IFNAR1 receptor complex [49, 50] . Although type 1 IFNs are classically upregulated in response to viral infection, recent studies have implicated them as key regulators of the neuroimmune response triggered by noninfectious causes of CNS injury [51] . Recently Inacio et al. [52] found that endogenous IFN-β signaling exerts antiinflammatory actions in experimentally induced focal cerebral ischemia [52] . Type 1 IFNs have also been implicated in LPS preconditioning [5] , and IFN-β levels increase in the brain after LPS preconditioning followed by stroke but not by stroke alone [5] . In a study comparing wild-type and IFN-β -/-mice, there were no significant differences in infarct volume after middle cerebral artery occlusion (MCAO) (stroke) [5] , suggesting that IFN-β is not an outcomedetermining factor in the acute stroke response. However, when IFN-β was administered prior to MCAO, there was a 35 % reduction in infarct volume [5] , suggesting that type 1 IFNs can protect the brain against subsequent ischemia. IFN regulatory transcription factors (IRF3 and IRF7) downstream from IFNAR1 signaling are critical for IPC-mediated protection in gray matter infarct volume models of IPC [13] . As noted above, IPC-mediated protection in white matter was entirely dependent on type 1 IFN signaling [11] . However, the full extent and mechanisms of IFN signaling in IPCmediated protection remain to be explored. The cellular source of IFN-β in the postischemic brain is unknown, but there are several possible sources such as peripheral macrophages [53, 54] and astrocytes [55] [56] [57] [58] . Published studies also suggest neurons [59] are capable of releasing IFN-β under specific conditions. TLRs are a family of pattern recognition receptors involved in the identification of, and response to, foreign pathogens [16] . To date, 13 TLRs have been identified, and each recognizes different pathogen-associated molecular patterns [16, 60] . TLRs are expressed on antigen presenting cells and are critical in the innate immune response [16] . The TLR family includes receptors for bacterial cell wall/membrane components such as lipotechoic acid (TLR2), peptidoglycan (TLR2), and LPS (TLR4) [16] . Activation of TLRs by endogenous ligands, also known as danger-associated molecular patterns (DAMPs), released from ischemia-injured cerebral vasculature and parenchyma is a possible mechanism for initiation of inflammatory responses in stroke [2, 61] . A number of putative DAMPs, including heat shock proteins (HSPs) [62, 63] , especially HSP70 [64] and HSP60 [62] -both will activate TLRs-have been identified in the brain. Systemic administration of ligands for multiple TLRs (reviewed by Stevens et al. [9] ) reduces ischemic injury in rodent models of adult and neonatal ischemia, and pharmacological preconditioning with a TLR agonist demonstrably provides protection against stroke in primates [65] . Activation of TLRs is also known to induce expression of type 1 IFNs in a number of cell types, including monocytes and dendritic cells [24, 25] . However, while TLRs appear to play a protective role in preconditioning, TLRs are also implicated in damaging pathways within the context of acute stroke via the activation of nuclear factor kB [66, 67] . Engagement of TLR signaling after ischemia may largely depend on the ischemic context, that is, a brief period of ischemia (IPC) versus a longer ischemic event (stroke), with shifting kinetics as the response evolves from injurious to protective over time [9, 68] .
HIF-1 is an upstream regulator for a series of hypoxiaresponsive genes, including glucose transporter (GLUT) 1 and vascular endothelial growth factor (VEGF), and is upregulated by hypoxic preconditioning [4, 22, 69] . In astrocytes, HIF-1 also induces the expression of P450 2C11, an arachidonic acid epoxygenase, which is protective against ischemia-reperfusion injury in multiple organ systems [22] , and Experiments were performed as previously described [48] contributes to IPC-mediated protection [22] . HIF-1 controls the glycolytic response of immune cells and profoundly alters inflammatory responses under conditions of hypoxia [23] . Microglia will express HIF-1 in response to hypoxic culture conditions [17] . There is some cross-talk between the TLR and HIF-1 signaling pathways as pathogen-associated molecular patterns like LPS can induce HIF-1 expression in microglia and other cell types [17] .
Tumor necrosis factor (TNF)-α may be released by a multitude of cell types after ischemic injury [19] , and has roles as both a neuroprotectant and proapoptotic agent. Astrocytes release TNF-α after ischemic and excitotoxic brain injury [21] . LPS injection also induces secretion of TNF-α by microglia within 2 to 4 h [20] . Furthermore, when activated by oxygenglucose-deprived (OGD) neurons, microglia release TNF-α [70] . Responding peripheral immune cells also release TNF-α in response to ischemia [19, 71] . TNF-α is required for cross-tolerance induced by multiple TLR agonists [72, 73] . Multiple TLRs induce TNF-α in the brain, which appears to correlate with protective effects of cross-tolerance [9] .
Transforming growth factor (TGF)-β is a neuroprotectant released by multiple cell types. Astrocytes release TGF-β in response to ischemia, which protects both astrocytes and neurons [21] . TGF-β is also released by astrocytes within 8 h of LPS injection [20] . TGF-β may also be released by macrophages to promote repair of the neurovascular system after stroke [74] , and may also be released by T cells in the later stages of recovery from ischemia [19] . There is also evidence that microglia secrete TGF-β at later stages of recovery following stroke when they are functioning in a neuroprotective mode [71] .
Cellular Mediators of IPC
The cellular response to stroke, particularly the response of immune cells, has been studied extensively and has been recently reviewed in detail [19, 75] . Post-ischemic inflammation is characterized by an orderly sequence of events involving the brain, its vessels, the circulating blood, and lymphoid organs [19] . The responses begin in the intravascular compartment and include release of inflammatory mediators such as cytokines, chemokines, proteases, and small vasoactive compounds (including prostanoids, leukotrienes, and adenosine triphosphate) that induce multiple changes in endothelial cell and leukocyte function. These changes result in blood-brain barrier (BBB) breakdown and leukocyte infiltration into the brain parenchyma. There is subsequent initiation of innate immune responses in the ischemic penumbra by microglia, macrophages, and astrocytes through activation of pattern recognition receptors, including the TLRs, by DAMPs. T-cellbased and adaptive immune responses are then initiated and can be broken down both temporally (acute vs delayed phases) and functionally (detrimental vs protective) [19] . Numerous active cellular processes and complex cellular interactions contribute to the resolution of postischemic inflammation. These processes include clearing of dead cells by microglia and infiltrating macrophages, release of anti-inflammatory cytokines such as TGF-β and interleukin (IL)-10 by microglia and macrophages, as well as elaboration of growth factors such as insulin-like growth factor 1 and VEGF by astrocytes and neurons. Insulin-like growth factor 1 and VEGF contribute to postischemic neuronal sprouting and angiogenesis, respectively. Stroke also induces profound changes in the systemic immune response [75] . Within a few hours of the onset of cerebral ischemia, brain-immune system interactions can result in downregulation of systemic immunity, a phenomenon known as stroke-induced immunodepression [76] . Ischemia triggered systemic immune responses and strokeinduced cellular changes in the neurovascular unit and brain parenchyma define key elements of post-stroke pathophysiology and recovery. Many of these processes also play a central role in preconditioning-mediated neuroprotection. The kinetics of post-stroke immune reactions are critical in postischemic physiology and the concept of a biphasic or multiphasic response to brain ischemia is now favored [53, 68, 75, 77] . The preconditioning phenomenon has this temporal component built into its structure such that the primary preconditioning stimulus (whether it is brain ischemia, remote ischemia, administration of a TLR agonist, or something else) induces a response that has already evolved considerably toward the Bresolution of inflammation^or Bregeneration and repair^phase. Below we review some of the cell type-specific responses that are central in preconditioning with emphasis on cellular immune responses, and a summary of these interactions is illustrated in Fig. 2 .
Microglia
Microglia are CNS-resident immune cells derived from yolk sac macrophages that enter the CNS during early development and maintain themselves as a distinct population from circulating macrophages/monocytes [78] [79] [80] , despite a high overlap in shared expression of many immunohistochemical markers [17, 81] . Microglia contribute to the maintenance of brain homeostasis, suggesting a critical role for microglia in the normal physiology of the CNS [56] , and pathway analysis of baseline microglial gene expression (from naïve wild-type mouse brain) revealed that the functions most associated with microglia were related to nervous system development [82] .
Microglia play a significant role in the neuroinflammatory response to ischemia [17, 18] . The expression of multiple TLRs (TLRs 1-9) by microglia enables them to identify multiple pathogens and upregulate a unique profile of innate and effector immune cytokines and chemokines in response to a wide range of stimuli [83] . Most abundantly expressed by microglia is TLR4, and both endogenous and exogenous TLR4 agonists potently activate classical proinflammatory responses in microglia [18, 83] . Although microglial activation has typically been considered a proinflammatory process, recent publications suggest that microglia could play a protective role in stroke [17, 18, 84, 85] through multiple mechanisms such as metabolic and physiological support of neurons [86] , production of trophic factors [85] , phagocytosis of damaged cells and debris and repair of lesioned tissue by releasing matrix metalloproteinases (MMPs) [87] . While some of these responses, particularly the release of MMPs, can disrupt the BBB and be deleterious, microglia are also capable of regulating these processes and downmodulating the inflammatory response to a stimulus. Microglia are the first responders to ischemic injury, activating before peripheral monocytes/ macrophages infiltrate the CNS [88] . Similarly, in a recent study on microglial activation in response to LPS challenge, Norden et al. [20] found that microglial activation preceded astrocyte activation. The microglial response to LPS was rapid, with a robust induction of proinflammatory cytokine and chemokine mRNAs detected 2 to 4 h after LPS injection, which correlated with the onset of sickness behavior [20] . Ischemia and LPS induce markedly disparate genomic and phenotypic responses in microglia [17] ; however, as discussed above in the section on cross-tolerance, LPS challenge can provide preconditioning against stroke.
Microglia are also key cellular targets for IFN signaling in the CNS [51, 89, 90] as they express IFNAR1 [11] and respond to type 1 IFNs (or type 1 IFN inducers such as the TLR3 agonist poly-IC) with robust expression of ISGs [51, 89, 91, 92] . Current data point to important type 1 IFNmediated alterations of microglial function in neuroinflammation [93] . IFN-β reduces the antigen-presenting capacity of microglia, which inhibits the effector function of T cells [89, 94] , and also induces changes in cytokine production that affects recruitment of peripheral immune cells into the CNS [89, 95] . Other type 1 IFNs modulate the expression of nitric oxide and glutamate, which decreases the incidence of microglia-mediated neuronal death [96, 97] . IRFs, downstream of IFN signaling, play a crucial role in the polarization of microglia and macrophages [98] [99] [100] . Furthermore, IFN-β enhances the ability of microglia to phagocytose apoptotic T cells, thus resulting in a modulation of the peripheral immune response [101] . Finally, as noted above, IPC-mediated protection in white matter was eliminated by cell-targeted knockdown of specific gene expression (ifnar1) in microglia [11] .
Astrocytes
IPC demonstrably protects astrocytes against longer periods of ischemia [69, 102] . Hypoxic preconditioning of astrocytes in culture leads to greater survivability and increases in Fig. 2 Summary of key neuroimmune preconditioning pathways and interactions between cells of the central nervous system after ischemic preconditioning. Astrocytes (AS) provide trophic support to neurons (N) through multiple mechanisms, including uptake of glutamate (Glu) and secretion of TGFβ, which is also reparative to endothelial cells (EC). Astrocytes also provide trophic support to endothelial cells. Both microglia (MG) and astrocytes secrete TGFβ and TNFα in response to transient ischemia which may have protective effects during the refractive and neuroprotective phase of preconditioning. Neurons also signal via fractalkine (CX 3 CL1) to microglia, which express cognate receptor CX 3 CR1. Both astrocytes and peripheral immune cells (PIC) are potential sources of type 1 interferons (IFNs) that signal to microglia via type I IFN receptor (IFNAR), triggering release of IFN-stimulated genes (ISGs). ISG protein products may enhance oligodendrocyte (OL) viability in the setting of prolonged ischemia and, in turn, increase axonal integrity in white matter. Endothelial cells are one of many that release danger-associated molecular patterns (DAMPs), which are ligands for numerous Toll-like receptors (TLRs). Peripheral immune cells are capable of secreting many different cytokines, which have effects on multiple cell types, for example TGFβ and type 1 IFNs. HIF-1 = hypoxia-inducible factor 1; MMP = matrix metalloproteinase glucose transport over nonpreconditioned astrocytes, primarily through increased levels of GLUT1 and GLUT3 after prolonged hypoxia [69] . Other studies have demonstrated that after IPC, astrocytes upregulate 14-3-3γ [102, 103] , a multifunctional scaffolding protein, and alleviate energy depletion through different pathways [102] . Ischemia induces a cellular redistribution of astrocytic gap junction proteins, including Cx34 [104, 105] . Cx34-expressing astrocytes have been found in the peri-infarct region of the poststroke brain [104] , where they may secrete growth factors that promote neuronal survival and stimulate angiogenesis in infarcted tissue [105] [106] [107] .
Much like microglia, astrocytes are capable of responding to inflammation and exhibit activated states that correspond to a change in cellular morphology and gene expression [21] . Also similar to microglia, astrocytes are capable of performing destructively by releasing high levels of nitric oxide, glutamate, TNF-α, and/or other neurotoxic cytokines [21] , or may confer neuroprotection through trophic support [21, 105] . Reactive astrocytes express glial fibrillary acidic protein (GFAP) and vimentin (Vim) [103] . In a study of GFAP knockout, Vim knockout, and double knockout mice examining responses to permanent MCAO, the double knockout mice (GFAP -/-;Vim -/ -) had a 2 to 3.5-fold increase in infarct volume compared with single knockouts and wild-type controls [103] , suggesting that reactive astrocytes may have a protective role in brain ischemia. Knockout of both GFAP and Vim also reduced glutamate uptake by 44 % [103] . A hallmark of these impaired astrocytes is their inability to form intermediate filaments (IFs) in response to outside stimuli [103] , such as ischemia. However, how IFs confer protection in ischemia is unclear, as there are several pathways impaired in IF-deficient astrocytes related to normal astrocytic functions, such as glutamate uptake, cell-cell signaling, and neurotransmission [103] .
Recent publications suggest a close relationship between microglia and astrocytes, as well as tightly coupled sequential activation of these two cell types. In a time course study of responses to peripheral LPS challenge, Norden et al. [20] found that microglia are activated first, followed by astrocytes. Furthermore, microglial IL-10 stimulates astrocytic TGF-β in response to LPS challenge [27] . The large overlap between molecular pathways activated in response to LPS and ischemia is, in part, responsible for the phenomenon of crosstolerance (discussed previously), suggesting that IPC may modulate microglia/astrocyte interplay, with both cells playing important roles in conferring IPC-mediated neuroprotection. Astrocytes express TLR4 [108] , a critical component in IPC-mediated neuroprotection [11, 12] . Activation of astrocytic TLR4 results in activation of nuclear factor kB and signal transducer and activator of transcription 3 in astrocytes [109] , and downstream of this pathway is growth-associated protein (GAP)43, which is a protein kinase C-activated phosphoprotein implicated in axonal plasticity and regeneration [109] . GAP43 is important for the glutamate uptake activity in reactive astrocytes following LPS challenge [109] or ischemic conditions [21, 69, 107] . Additionally, TLR3 expression in astrocytes appears to be critical to the astrocytic response to IPC [110] . Thus, many of the molecular pathways implicated in LPS studies of astrocytic activation and response may overlap with findings in IPC-mediated astrocytic activation.
In a different model of neuroinflammation, within the context of Alzheimer's disease, there is evidence of astrocytemicroglia cross-talk through the complement system [111] . Astrocytes are capable of synthesizing essentially all complement activation proteins, regulatory molecules, and receptors [21, 111] . Microglia express multiple complement receptors, including CR3, and this signaling pathway greatly influences phagocytic function of microglia [112, 113] . There is also evidence that infiltrating immune cells may influence astrocyte activation and behavior [58] , suggesting astrocytes may be an important mediator between resident and peripheral immune cells and neurons. Astrocytes also produce many regulatory factors that may provide negative feedback to microglia, helping to modulate microglial activation states. In one example, TGF-β produced by astrocytes, in response to IL-10 secretion by microglia, provides negative feedback on microglial activation [27] . In another study, knockdown of astrocytic GAP43 led to increased microglial activation in the context of LPS challenge [109] , suggesting that GAP43 expression in astrocytes attenuates the LPS-based immune response in microglia.
In addition to microglial-astrocyte cross-talk, neurons and astrocytes also have a tight relationship. Astrocytes play a critical role in the maintenance of the extracellular environment and transfer of energy substrates to neurons [21, 114] , to such an extent that neuronal survival is correlated with astrocyte survival [106] , and neuron-astrocyte interactions are critical for the normal function of the CNS [114] . One potential mechanism of astrocyte-mediated neuroprotection after IPC may involve limiting neuronal excitotoxicity by clearing glutamate [21] , and in stroke astrocytes may protect neurons from oxidative stress [103] . Astrocytes are capable of engaging in spatial buffering, which allows them to transport and metabolize amino acids and glucose, as well as upregulate antioxidants and free radical scavengers in the ischemic region [103, 107, [114] [115] [116] . Prion protein protects neurons against oxidative stress, hypoxia, ischemia, and hypoglycemia, and may be supplied to neurons by astrocytes under ischemic or hypoxic conditions [117] .
Astrocytes can also influence preconditioning mediated neuroprotection through their multiple and potent effects on the microvasculature of the CNS. Astrocytic end feet wrap around blood vessels in the CNS where they are well poised to exert influences on the blood-brain barrier (BBB) after ischemia. Astrocytes are capable of secreting MMPs that disrupt the BBB, or releasing trophic factors that protect the BBB. During cerebral ischemia, pericapillary astrocyte end feet are the first cellular elements to swell [118] , and MMPs and IL-1β released by astrocytes contribute to BBB disruption and vasogenic edema [119, 120] . Astrocytes may also encourage angiogenesis [106] and regulate vascular tone [121] , both processes crucial in restoring blood flow to infarcted tissues. Several studies have demonstrated that inhibiting the reactivity and/or proliferation of astrocytes delays neurovascular remodeling after cerebral ischemia in rodents, and contributes to a worse functional outcome [103, 122, 123] . A recent study used repetitive pure oxygen exposure preconditioning to induce neuroprotection against stroke (MCAO) in a rodent model and found that the preconditioning stimulus activated astrocytes and increased BBB permeability [124] . Similar mechanisms of astrocyte-BBB interactions have not yet been characterized in the context of IPC, but many of the same mechanisms involving astrocytes may apply.
Neurons
Neurons that were exposed to conditioning via intermittent hypoxia prior to an extended period of hypoxia had upregulated glucose transport activity and increased viability compared with neuronal cultures that had been exposed to a lengthy period of hypoxia [69] . Inhibiting glucose transport with cytochalasin B abolished the hypoxic tolerance effect of preconditioning [69] , suggesting this is an important consequence of preconditioning. Adenosine 5'-monophosphate-activated protein kinase is another major regulator of cellular energy dynamics, and is highly expressed in neurons [64] . As discussed previously in this review, preconditioned astrocytes exhibit increased glucose transport, and may protect neurons through spatial buffering, suggesting that multiple CNS cells independently, and in tandem with each other, undergo shifts in metabolic pathways and cell-cell signaling that enable these cells to survive a subsequent ischemic challenge (stroke) that occurs shortly after the preconditioning.
Neurons in hypoxic culture conditions have a distinct pattern of gene expression including genes coding for endoplasmic reticulum proteins, ubiquitination pathway components, proapoptotic factors, and other hypoxia-induced genes, including Bcl2 and Hif-1 [125] . There is some evidence that endogenous cannabinoids, acting through the CB 1 receptor and G proteins, may protect neurons against glutamatemediated injury [126] , as well as other injury mechanisms [127] , suggesting CB 1 receptors may be a potential therapeutic target for preconditioning. Neurons are protected from OGD after short-term exposure to hypoxia, and this protection lasts for up to 48 h after the preconditioning stimulus [128] . Pathways implicated as protective included the inhibition of caspase-12 after preconditioning, but not prolonged ischemia, and activation of multiple unfolded protein response pathways [128] . Finally, recent studies suggest that 14-3-3γ, a multifunctional scaffolding protein expressed in astrocytes in response to IPC, is also upregulated in neuronal cultures in response to OGD [103] . These findings suggest some conserved responses to hypoxia in several CNS cell types.
Loss of neuron-microglia contact appears to induce microglial activation through several mechanisms [19] . Neurons constitutively express CX 3 CL1 (fractalkine) on their surface, which suppresses microglial activation through the microglial receptor CX 3 CR1 [19] . After neuronal injury, including injury caused by ischemia, the loss of the fractalkine ligand expression on the surface of neurons results in enhanced microglial activation in several models of inflammation [19, 129] . In the early stages following ischemia, however, deficiency in CX 3 CR1 signaling suppresses activation of microglia/macrophages, reduces neurotoxicity, and leads to a reduction in poststroke infarct volume [130, 131] . The microglial/macrophage response to CX 3 CL1/CX 3 CR1 signaling in ischemia likely evolves over time and the net effect of CX 3 CL1/ CX 3 CR1 signaling in IPC remains to be determined. In addition to this mechanism of communication and activation, OGD-stressed neurons in culture release glutamate, which, in turn, activates microglia in a group II metabotropic glutamate receptor-dependent manner [70] . These activated microglia, in turn, release TNF-α, which induces neuron apoptosis in a caspase-3 dependent pathway [70] . There is a growing body of evidence that many neuronal subpopulations express TLRs, including TLR4 [132] [133] [134] [135] . Mice with a defect in TLR4 are generally more resistant to CNS trauma [62] , suggesting that TLR4 activation is detrimental to neuronal survival. Furthermore, the activation of microglia via TLR4 increases neuronal death in co-cultures of microglia and neurons [62] , which may result in a possible Bdouble hitt o neurons through activation of cell intrinsic programs in addition to neurotoxic microglial responses. The connections between astrocytes and neurons, astrocytes and microglia, and neurons and microglia create multiple regulatory levels that allow for microglia to regulate the CNS environment and respond to a variety of potential problems ranging from infection to cell death and mechanical trauma.
Progenitor Cells
Adult neurogenesis occurs in well-characterized neurogenic niches, such as the subventricular zone of the lateral ventricle and the subgranular zone of the dentate gyrus in the hippocampus, in both the normal adult brain and the ischemia-injured brain [136] . After acute ischemia, proliferation of these, and other, progenitor cells in the CNS is enhanced [88, 136, 137] , and, similarly, shorter pulses of ischemia to induce preconditioning effects also result in the proliferation of progenitors [137, 138] , with an increase of up to 4-fold observed after preconditioning in one study [137] . Interestingly, when prolife r a t i o n w a s a t t e n u a t e d b y a d m i n i s t r a t i o n o f methylazoxymethanol acetate or ganciclovir, the preconditioning effect of a short ischemic event (15 min MCAO) was abolished [137] . These data suggest that the proliferation of progenitors is an effector of IPC-mediated neuroprotection.
Although some of these proliferative cells in the hippocampus may differentiate into NeuN + cells [138] , the identity of other proliferating cells in different regions of the brain has not been fully determined, but there is evidence that microvascular pericytes proliferate in response to ischemia [139] , as do reactive astrocytes [140] . We have observed in a model of IPC (15 min MCAO) that the number of microglia substantially and significantly increases in the ipsilateral hemisphere of a preconditioned mouse (Fig. 1) . These ipsilateral microglia express cell proliferation markers and their genomic profile skews heavily towards cellular proliferation and DNA replication (J.R. Weinstein and A. McDonough, unpublished observations), Some of these proliferating cells may be local microglial progenitors or the self-renewal of a local microglial population. More work is necessary to characterize the molecular identity of these proliferating microglia and determine if they are, in fact, microglial progenitors induced by IPC. Future studies will also need to determine if these proliferating microglia are critical mediators of IPC-induced neuroprotection against subsequent prolonged ischemia/stroke. Once these are understood, therapies can be designed and tested to engage and modulate endogenous proliferative responses to ischemia.
Peripheral Immune Cells
The spleen is a peripheral immune system organ that responds to ischemic injury by releasing multiple immune cell types, resulting in a profound shrinkage of the spleen after stroke [141, 142] . The timing of the release of immune cells is swift, usually within 1 to 3 days [143] . However, the splenic response to stroke is generally regarded as destructive, with splenectomy providing marked protection against ischemic injury and resulting in a decreased infarct volume [144] [145] [146] [147] , in part by reducing neuroinflammation [144] , which appears to be mediated primarily by IFN-γ [147] . The spleen contains T cells, B cells, natural killer cells, and monocytes/macrophages [148] , and splenectomy reduces the infiltration of all these cell types [144] , leaving it unclear which cell types are responsible for the neurodegenerative effects of peripheral immune cells observed after stroke.
T cells play multiple roles in the pathophysiology of stroke, ranging from detrimental to protective, and are present in both acute and delayed phases of ischemia [19, 53, 149] . Unprimed T cells contribute to tissue damage in an antigen-independent manner, through unknown signaling mechanisms that may involve IFN-γ and/or release of reactive oxygen species [19] . γδT cells respond swiftly to ischemia and are regarded as detrimental, largely through their production of cytotoxic cytokines, including IL-17 [19, 150] . There is also a possibility that CD4 + and CD8 + helper T cells may become sensitized against CNS antigens, such as myelin basic protein, which may worsen stroke outcome, a phenomenon reviewed more extensively by Iadecola and Anrather [19] . Additionally, CD4 + helper T cells produce neurotoxic cytokines such as IFN-γ and IL-4 [53] . Although the overall response of T cells is generally considered to exert neurotoxic effects [53] , some subpopulations of T cells can function protectively in the context of ischemia. These T cells are activated through TGF-β signaling from astrocytes [21] and/or macrophages [74] . TGF-β promotes the development of regulatory T cells producing IL-10, which is protective in experimental stroke [19] . IL-10 also inhibits T helper 1 cell and T helper 2 cell responses and shifts the cellular immune response towards neuroprotection [19] .
The role of the spleen and peripheral immune cells, including T cells, has been largely uncharacterized in the context of preconditioning. In our studies of IPC, we have observed infiltration of innate immune cells that include Ly6C hi monocytes/macrophages, which are inflammatory cells that migrate to injured tissues, and Ly6C lo monocytes/macrophages, which patrol resting and normal vasculature and have primarily antiinflammatory functions (Fig. 1) . Both of these cell types are present in a reservoir of cells within the red pulp of the spleen and can be mobilized in response to inflammation [151] .
Some evidence suggests that peripheral macrophages play a key role in stroke pathophysiology [58, 76] ; however, their role in IPC is unknown. Macrophages infiltrate the infarct border zone within hours of stroke onset and they undergo differentiation from a proinflammatory to a noninflammatory profile, which facilitates tissue repair [74, 152] . Macrophages are the primary producers of osteopontin, which may have neuroprotective and repair-promoting effects in CNS injury, including ischemia [58] . Recently published evidence suggests that osteopontin is critical for the polarization of astrocytes and establishment of an astrocytic barrier (glial scar) in the outer part of the ischemic core [58] , suggesting another layer of interaction between immune cells and astrocytes. Furthermore, this study implicated osteopontin stimulation of astrocytes in the reestablishment of the BBB after ischemia [58] .
Neutrophils accumulate swiftly after permanent MCAO [153] , suggesting these are early responders to ischemia, and may be activated by IPC as well. Our own ex vivo flow cytometry findings indicate an increase in the number of neutrophils in the ipsilateral cortex after 15 min MCAO (IPC) (Fig. 1) . Little is known about the contribution, if any, of neurophils to IPC-mediated neuroprotection. In stroke models, neutrophils begin to accumulate rapidly after MCAO, prior to neuronal death, and are thought to be responsible for the progression from tissue ischemia to cerebral infarction through various mechanisms, including secretion of MMPs and BBB disruption, obstruction of microcirculation in capillaries, and release of inflammatory cytokines [153] .
Summary
The phenomenon of preconditioning can be achieved through a multitude of molecular effectors, which are present in a number of different cell types, including endogenous CNS cells such as microglia, astrocytes, and neurons, as well as infiltrating immune cells, such as macrophages and T cells. Astrocytes provide largely metabolic support to neurons under conditions of ischemia (Fig. 2) , and function as an important link in the cross-talk between the local immune system (microglia) and other CNS cells (neurons) (Fig. 2) . Preconditioning primes each cell type for a prolonged ischemic event in distinct and complementary ways; astrocytes are primed to provide increased metabolic support to neurons, neuronal metabolism shifts to adapt to conditions of low oxygen, and microglia also provide support to neurons and astrocytes to regulate the above processes. Microglia are also capable of directly interacting with, and influencing, neurons via a variety of signaling pathways, including responses to molecules directly released by neurons themselves. Interestingly, there are many conserved molecular mediators and pathways activated in all these cell types in response to preconditioning stimuli, although it is clear that some signaling pathways are more potent in specific cell types (i.e., TLR4 signaling in microglia) than in others. The combined outcome of preconditioning depends on the stimulus, for example preconditioning with LPS induces a primarily immune response, while preconditioning through ischemia induces shifts in metabolic activities and also activates the immune system. These cell type-specific differential responses represent a potential opportunity for therapeutic targeting in acute stroke, as well as in prevention of stroke injury in patients at risk of stroke. Further characterization of the cellular and molecular mechanisms underlying IPC may lead to novel therapeutic approaches in both the carefully selected Bat immediate risk for stroke^patient populations studied in several recent large clinical trials and also more broadly for ameliorating brain injury in the general acute ischemic stroke patient population.
